Abstract-We propose a multi-level phase-change memory device based on a Ge2Sb2Te5 (GST)-filled silicon slot nanobeam cavity. Simulations show that the nanobeam resonance can be tuned step-by-step through phase change of the GST, allowing for multi-level storage of optical data.
I. INTRODUCTION
As the amount of communication data increases dramatically, the energy consumed by electrical interconnects has become a major part in integrated circuits. Current research is primarily focusing on the use of optical interconnects rather than electrical interconnects [1] . Optical interconnects have a higher data transmission rate than the electrical counterparts, and the energy consumed is also reduced by orders of magnitude. When multiple optical data packets from different sources arrive at the same destination simultaneously in an optical switching node of an communication network, contention occurs. One solution is to temporarily store the data packets and then release them when the time slot is available in the destination port. Therefore, optical storage can effectively avoid the data conflict problems, allowing for all-optical switching for next-generation optical communications.
On the other hand, optical neuromorphic computing also requires optical memory technologies. The neuromorphic computing is inspired by the brain, which attempts to imitate the neural system at the physical level. Optical neural networks are composed of hundreds of millions of synaptic units interconnected to allow for simultaneous processing and storage of information. The synaptic weight can be simply set by varying the transmittance of the optical interconnect channel between the two neurons [2] .
In this paper, we propose a new type of optical memory device based on a slot nanobeam cavity with the slot filled with the Ge2Sb2Te5 (GST). The GST is a phase-change material (PCM), possessing amorphous and crystalline states with distinct electrical and optical properties [3] . This memory can be easily combined with existing silicon photonics technology to achieve non-volatile data storage [4, 5] . Compared to other nonlinear or free-carrier dispersion effect based integrated optical memories [6] [7] [8] , the device can store optical data for a long time without static power consumption. Due to the resonant nanobeam structure, the optical pulse energy required to induce the phase change of GST is greatly reduced.
The chalcogenide-based PCM can change from an amorphous state to a crystalline state. The ability to maintain state for decades has made PCM very popular in phase-change random-access memory (PC-RAM) [5] . The phase change between the amorphous and crystalline states can be induced by optical pulses, electrical pulses or heating. The GST is the one of the most common PCMs and has been widely used in optical disk storage [6] . Due to the non-volatility of GST (i.e., after GST phase change, it does not require additional energy to maintain its state), it thus requires less power consumption to store data than other volatile memories (e.g., SRAM, DRAM). Fig. 1 shows the three-dimensional structure of an optical memory device consisting of a nanobeam cavity. The radius of the circular holes in the nanobeam increases from both sides to the middle (symmetrically distributed), and the distance between the holes remains unchanged [9, 10] . A thin layer of GST is filled in the slots between the circular holes. For the nanobeam cavity, the light power is mainly concentrated in the dielectric waveguide region of the cavity when it is on resonance (dielectric resonance modes), so the light can strongly interact with GST to induce phase change from the amorphous state to the crystalline state, and vice versa. Fig. 1 also illustrates the working principle of the optical memory. When the GST is in the crystalline state, a highintensity short optical pulse (erase pulse) is used to locally heat the GST above its melting temperature, and then rapid quench can turn it into the amorphous state. In this way, the original optical data stored in the nanobeam is erased. In order to write data into the nanobeam, the GST is heated above the transition temperature by using a medium-amplitude optical pulse (write pulse). At the transition temperature, the GST atoms become mobile and the GST material is restored to an energetically favorable crystalline state. The stored data can be read out using a lower energy optical pulse (read pulse) to detect its transmittance [9] . When the GST is in the amorphous state (data erased), the pulse can be transmitted through with low attenuation. In contrast, when GST is in the crystalline state (data stored), the read pulse is blocked and cannot be read out from the output port or it is highly attenuated. Because the GST is filled in multiple separated slots, it is easier to obtain phase change in a stepwise manner, and therefore, multi-level optical data storage is possible. 
II. DEVICE STRUCTURE AND PRINCIPLE

III. SIMULATION RESULTS
We use finite-difference time-domain (FDTD) simulation to study the device. The device geometric parameters are taken as follows. The nanobeam waveguide width is w = 700 nm, the slot width is d = 30 nm, the pitch of the holes is a = 370 nm, the thickness of the GST is h = 50 nm, and the number of holes is N = 14. The refractive index of the GST is assumed to be 4.0573+0.022388i for the amorphous state and 6.5977+1.1038i for the crystalline state. The hole filling factor is defined as the hole area divided by the waveguide area in a unit cell: f = πr 2 /aw. Fig. 2 shows the energy band diagram for two filling factor values corresponding to the center and edge regions of the slot nanobeam resonator. A larger filling factor (f1 = 0.2) results in an upshifted band diagram relative to a smaller one (f0 = 0.1). The Bloch mode at the edge of the Brillion zone (indicated by the circle in Fig. 2) is supported by the central part of the nanobeam while it is reflected at the edge of the nanobeam since it is inside the stopband. Therefore, the Bloch mode is confined only at the center of the nanobeam, generating resonances. Fig. 3 shows the electric-field intensity distribution in the slot nanobeam resonator at the resonance wavelength when the GST in the slot changes from the amorphous state to the crystalline state in a discrete step. Since the resonant mode is a dielectric mode, the optical power is mainly distributed in the silicon waveguide instead of the holes. It has a large overlap with the GST, resulting in a strong interaction between them. As can be seen from the distribution of the electric-field intensity along the waveguide propagation direction, the field envelope decreases from the center to both sides. Therefore, the GST phase change first occurs at the center and then extends to both sides. When GST in all slots is in the amorphous state, the electric-field intensity is strongest and the through transmittance is maximized, as shown in Fig. 3(a) . Upon phase change of GST, the electric-field intensity is attenuated sequentially, and the transmittance is gradually reduced due to the absorption of crystalline GST. Fig. 4 shows a group of optical transmission spectra from 1200 nm to 1900 nm during GST phase change. The bandedge modes are observed at wavelengths longer than 1.6 μm and shorter than 1.4 μm. The resonance mode is observed around the 1.56 μm wavelength. At amorphous state, the resonance peak transmission reaches 0.76. After phase change, the peak gradually red-shifts and the transmittance decreases accordingly. At the crystalline state, the peak transmission lowers down to 0.2 and the resonance shift is 36 nm. 
IV. CONCLUSION
We have proposed a slot nanobeam resonator tuned with GST material that can potentially be used as a multi-level optical memory. Tuning is achieved by the phase change of a thin layer GST filled in the slot region. It reveals that the resonance can be gradually tuned by inducing the phase change of GST in each slot. Since the slot nanobeam resonance has a strong interaction with GST, a low energy optical pump pulse can induce the phase change. The nonvolatile nature of GST materials allows for the tuned resonance to be maintained without static power dissipation. The unique capability to combine the small-mode-volume nanobeam resonator with nanometer-sized GST material opens exciting opportunities for the development of efficient signal processing and memory devices, with a great potential for integrated neurocomputer applications.
